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Edited by Sandro SonninoAbstract The D6-fatty acid desaturase is a key enzyme in the
synthesis of an important fatty acid, c-linolenic acid. We have
characterized, by heterologous expression in Saccharomyces
cerevisiae, substrate speciﬁcity and preference of D6-desaturase
of Mucor rouxii. Fatty acid supplementation was carried out
based on the predicted enzyme topology, fatty acid phenotype
and the corresponding metabolic pathway in M. rouxii. The en-
zyme has a broad substrate speciﬁcity as based on C15–C18. The
result also supported classiﬁcation of the M. rouxii D6-desatur-
ase into a front-end desaturase. Interestingly, a relatively rare
activity based on odd acyl chains and not described previously
in other eukaryotic D6-desaturases was also observed.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Unsaturated fatty acids (UFAs) are essential metabolites
found in most living organisms. They play important roles in
the ﬂuidity, ﬂexibility and selective permeability of cellular
membranes [1]. In addition, UFAs play a very crucial role as
a precursor in the synthesis of eicosanoids, that has important
applications in pharmaceutical and nutraceutical uses [1,2].
Among fatty acid desaturases, which are responsible for the
synthesis of UFAs, D6-desaturase is an important enzyme in
the biosynthesis of valuable poly-PUFAs in n-3 and n-6 series.
Apparently, D6-desaturase converts the essential PUFAs, lino-
leic acid (LA, C18:2D9,12) and a-linolenic acid (ALA,
C18:3D9,12,15) into c-linolenic (GLA, C18:3D6,9,12) and steari-
donic acids (STA, C18:4D6,9,12,15), respectively. Subsequently,Abbreviations: UFAs, unsaturated fatty acids; PUFAs, poly-unsatu-
rated fatty acid; LA, linoleic acid; ALA, a-linolenic acid; GLA, c-
linolenic acid; STA, stearidonic acid; FAMEs, fatty acid methyl esters;
GC, gas chromatography; GC–MS, gas chromatography–mass spec-
trometry; DMOX, 4,4-dimethyloxazoline
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doi:10.1016/j.febslet.2005.04.010these two synthesized products can be further modiﬁed to form
arachidonic (C20:4D5,8,11,14) and eicosapentanoic acids
(C20:5D5,8,11,14,17), respectively [3,4].
Genes encoding membrane-bound D6-desaturases have been
cloned from several organisms, including higher plants [5,6],
worms [7], mammals [8], and fungi [9,10]. Structural analyses
showed that they share three conserved histidine-rich motifs,
two-long hydrophobic regions and a N-terminal cytochrome
b5-like domain. Functional analysis of the D
6-desaturases has
shown the same regioselectivity of desaturation, caused by
the introduction of a double bond at the D6-position [5–10].
Despite conserved characteristics found in other D6-desatu-
rases, variation in terms of substrate speciﬁcity and preference
have been also reported [5,11–15]. To date, these diﬀerences in
substrate utilization by D6-desaturases in various organisms
have not been elucidated yet. Moreover, 3D-studies of this
protein are inadequate and have so far limited the understand-
ing of important enzymatic properties of this enzyme. Re-
cently, a D6-desaturase gene has been isolated from the
ﬁlamentous fungus, Mucor rouxii. Such DNA sequence repre-
sents a potential alternative source for GLA production. M.
rouxii D6-desaturase has higher similarity to fungal D6-desatu-
rases than those of plants [16]. In an attempt to address sub-
strate speciﬁcity and preference, we have characterized
biochemically M. rouxii D6-desaturase by expressing the corre-
sponding gene in Saccharomyces cerevisiae. Starting from fatty
acid proﬁle of existing desaturase genes and from the corre-
sponding metabolic pathways of M. rouxii, we designed a
strategy to supplement fatty acid substrates with diﬀerent
chain length and double bond position.2. Materials and methods
2.1. Organisms and growth conditions
M. rouxii ATCC 24905 was cultured as described previously [17].
S. cerevisiae DBY746 (MATa, his3-D1, leu2-112, ura3-52, trp1-289)
was used as a heterologous host to analyze substrate speciﬁcity and
preference of the M. rouxii D6-desaturase. Yeast cells were grown at
30 C either in complex (YPD) or synthetic minimal medium (SD).
2.2. Construction of a recombinant plasmid containing the D6-desaturase
cDNA of M. rouxii and yeast transformation
To express D6-desaturase gene ofM. rouxii in S. cerevisiae, the corre-
sponding cDNA was fused, by overlap extension PCR, downstream to
the constitutive promoter of theD9-desaturase gene ofM. rouxii (unpub-
lisheddata) [18]. Theﬁrst cDNAstrandofD6-desaturasewas synthesizedblished by Elsevier B.V. All rights reserved.
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H reverse transcriptase (Invitrogen, Carlsbad, CA) and total RNA of
M. rouxii as a template. For ampliﬁcation of M. rouxii D6-desaturase,
the forward and reverse primers designated from the nucleotide se-
quences of M. rouxii D6-desaturase gene (Accession No. AY392409)
are KO-D6F9, 5 0-CGGAGTCCATGAAGCCTAGCAGCGACGTAG
GAGCAA-3 0 (the bold letters indicate the nucleotides complementing
with the 3 0 end ofM. rouxii D9-desaturase fragment) and KO-D6IIRB,
5 0-AACTGCAGGGAGCATTTTTTTGCTGAA-3 0 (the underlined
letters indicate the PstI restriction site), respectively. For ampliﬁcation
of the D9-desaturase promoter, the genomic DNA ofM. rouxiiwas used
as a template, in the presence of the forward primer KO-P9F, 5 0-
ACGCGTCGACGGCTTGCACAACTTCCTA-3 (the underlined let-
ters indicate the SalI restriction site) and the reverse primer KO-P9R,
5 0-CTCCTACGTCGCTGCTAGGCTTCATGGACTCCGT-3 0 (the
bold letters indicate the nucleotides complementing with the 5 0 end of
M. rouxii D6-desaturase). Primers were designed from the nucleotide se-
quences deposited in the GenBank database, Accession No. AF026401.
Subsequently, PCR products of the D6-desaturase cDNA and the D9-
desaturase promoter were used as templates for overlap PCR extension
using theKO-P9F andKO-D6IIRBprimers. The ampliﬁed product was
subcloned into the SalI and PstI restriction sites of YEp356 vector. This
resultingpMG210plasmidwas used to transformS. cerevisiaeby lithium
acetate method [19]. The recombinant yeasts were selected on SD agar
supplemented with 20 mg/ml of L-tryptophane and L-histidine, and
30 mg/ml of L-leucine and then grown at 30 C.
2.3. Study of substrate speciﬁcity and preference of M. rouxii
D6-desaturase
Substrate speciﬁcity and preference of the M. rouxii D6-desaturase
were studied in S. cerevisiae. Experiments of fatty acid supplementa-
tion were performed by adding 50 lM of each exogenous fatty acid
substrate to the cultures. Fatty acids with diﬀerent chain lengths and
double bond positions (Sigma, St. Louis, MO) included saturated fatty
acids (myristic acid; C14:0, pentadecanoic acid; C15:0, margaric acid;
C17:0, nonadecanoic acid; C19:0, arachidic acid; C20:0 and behenic
acid; C22:0), mono-UFAs (myristoleic acid; C14:1D9 and cis-vaccenic
acid; C18:1D11) and PUFAs (LA; C18:2D9,12 and ALA). The yeast
transformed with the empty vector, YEp356 plasmid, was used as a
control. Rate of substrate conversion (% conversion rate = [product
formed/(substrate + product formed)] · 100) was calculated as de-
scribed previously [10].
2.4. Fatty acid analysis
Yeast cells were harvested by centrifugation, washed once with 0.1%
Triton X and then twice with distilled water. The dried pellets were
used directly to prepare fatty acid methyl esters (FAMEs) [17]. FattyTable 1
Relative fatty acid composition of yeast transformant containingM. rouxii D6






C16:0 28.7 ± 0.5 19.9






C18:0 7.4 ± 0.7 5.6






aThe values of fatty acid composition represent the averages of three indepeacid composition was analyzed by gas chromatography (GC) with a
GC-17A gas chromatograph (Shimadzu Ltd., Tokyo). Fatty acid iden-
tiﬁcation was done by comparison with the retention times of FAME
standards (Sigma). After the 4,4-dimethyloxazoline (DMOX) derivati-
zation [20], double bond positions of PUFAs were determined by gas
chromatography–mass spectromerty (GC–MS) using the TRACE GC/
PolarisQ GC/MS system (Thermo Finnigan). Analyses were carried
out by a capillary column Type OMEGAWAXTM250 (Supelco, Penn-
sylvania) with a ﬁlm thickness of 30 m · 0.25 lm.3. Results and discussion
3.1. Substrate speciﬁcity of M. rouxii D6-desaturase
Extensive data in the literature have shown catalytic diver-
sity of fatty acid desaturases. Computational prediction of en-
zyme topology based on highly conserved regions has
distinguished their functional domains. Comparative studies
of substrate utilization of desaturases of various organisms
provide evolutionary background of molecular, genetic and
biochemical pathways diversity. To elucidate substrate speciﬁc-
ity and preference of D6-desaturase of M. rouxii, we expressed
the gene in S. cerevisiae. Fatty acid analyses of the yeast trans-
formant carrying the M. rouxii D6-desaturase cDNA
(pMG210) showed accumulated products with a double bond
at the D6 position as shown in Table 1. Endogenous monoene
fatty acids of S. cerevisiae, including palmitoleic acid (C16:1D9)
and oleic acid (C18:1D9), were converted to hexadecadienoic
(C16:2D6,9) and octadecadienoic acid (C18:2D6,9), respectively.
Both desaturated products were not detected in the transform-
ant bearing the empty vector (YEp356). These results are sim-
ilar to previous observations described for D6-desaturases of
Mortierella alpina [10] and Ceratodon purpureus [15], which
are evolutionary related to the Mucor D6-desaturase (Fig. 1).
It has been reported that in higher plants, the D6-desaturase
of Borago oﬃcinalis displayed activity only on C16:1D9,
whereas the Primula D6-desaturase does not utilize D9-mono-
ene fatty acids (C16:1D9 and C18:1D9) as substrates [5].
Phylogenetic and structural analyses revealed that the D6-
desaturase of M. rouxii is grouped into the front-end desatu-
rases [16], which introduce an additional double bond towards-desaturase grown in SD media with and without exogenous fatty acids
ntation
210
C15:0 C17:0 C18:2D9,12 C18:3D9,12,15
5.3 ± 0.8 – – –
± 1.9 – – –
0.2 ± 0.1 – – –
± 0.3 10.5 ± 0.1 16.0 ± 0.0 24.7 ± 0.8 16.4 ± 0.0
± 0.0 42.9 ± 0.3 52.3 ± 0.0 21.7 ± 0.1 33.8 ± 0.4
± 1.0 0.7 ± 0.2 1.0 ± 0.7 0.4 ± 0.1 0.3 ± 0.2
± 0.0 1.3 ± 0.3 5.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
6.6 ± 0.6 6.4 ± 0.0 – –
1.4 ± 0.2 – – –
2.1 ± 0.2 1.3 ± 0.0 – –
± 0.1 2.2 ± 0.1 2.3 ± 0.0 2.8 ± 0.2 1.5 ± 0.1
± 0.0 8.7 ± 2.8 12.4 ± 0.0 5.5 ± 0.1 5.2 ± 0.0
± 0.6 2.0 ± 0.2 3.3 ± 0.0 0.5 ± 0.0 0.4 ± 0.0
– – 39.2 ± 0.3 –
– – 5.1 ± 0.2 –
– – – 34.0 ± 0.3
– – – 8.3 ± 0.0
ndent experiments.
Fig. 1. Phylogenetic relationship between the D6-desaturases of various organisms performed with the CLUSTAL-X and TreeView programs. The
gene accession numbers and substrate speciﬁcity of the D6-desaturases are indicated.
Fig. 2. Chromatograms of FAMEs prepared from S. cerevisiae
carrying the empty vector (YEp356) and M. rouxii D6-desaturase
(pMG210). (A) and (C) show chromatograms of the yeasts grown in
the presence of 50 lM C15:0. (B) and (D) show chromatograms of the
yeast grown in the presence of 50 lM C17:0.
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double bond [12,21]. Based on the characteristic of the front-
end desaturases, speciﬁcity on fatty acid substrates of the
M. rouxii D6-desaturase was investigated by supplementation
with various fatty acids. As expected, lack of a D6-desaturated
product was determined when yeast cells were supplemented
with saturated chains (C14:0, C20:0 and C22:0) (data not
shown) as well as with endogenous substrates (C16:0 and
C18:0) (Table 1). However, it has been reported that the solu-
ble D6-desaturase of Thunborgia alata seeds [22] and the human
D6-desaturase (FADS2) [23] act on palmitic acid (C16:0). Guil-
lou et al. [23] proposed that the C16:1D6 biosynthesis may oc-
cur in tissue with a high expression of D6-desaturase (FADS2)
and a low expression of D9-desaturase (SCD1) to prevent
palmitate accumulation. When the transformant carrying M.
rouxii D6-desaturase was supplemented with monoene fatty
acids, including C14:1D9 and C18:1D11, these could not be
desaturated, whereas D6-desaturation occurred when supple-
mented with LA (C18:2D9,12) and ALA (Table 1). On the con-
trary, the front-end D5-desaturase of Dictyostelium discoideum
was active on both D9- and D11-monounsaturated fatty acids
[24]. It is noteworthy thatM. rouxii D6-desaturase utilized both
n-3 and n-6 PUFA substrates. This capability has been also re-
ported for D6-desaturases of the fungusM. alpina [10,11], high-
er plants (B. oﬃcinalis, Primula farinosa and P. vialii) [5],
mammals (Homo sapiens and Rattus norvegicus) [13] and of
the moss C. purpureus [15], that shows close evolution relation-
ship among these eukaryotes (Fig. 1).
We have identiﬁed as substrate of M. rouxii D6-desaturase,
minor amounts of odd carbon chains of PUFAs. Unexpect-
edly, the novel fatty acids were detected in the yeast supple-
mented with odd number chain fatty acids including C15:0
and C17:0, as shown in Fig. 2. Further analysis of the DMOX
derivatives by GC–MS revealed that detectable fatty acids were
found only in the yeast carrying M. rouxii D6-desaturase. In
Fig. 3A (C15:0 feeding), a spectrum of the derivatives exhibited
a molecular ion (M+) at m/z 291. When yeast culture was sup-
plemented with C17:0, the detected fatty acid derivative had a
molecular ion (M+) at m/z 319 (Fig. 3B). Gaps of 12 amu be-
tween m/z 194 and 206 showed the presence of a double bond
at C9 and a prominent m/z 166/167 pair speciﬁc for a C6 dou-
ble bond [25]. The result suggests that after supplementation
with C15:0 or C17:0, the novel products (C15:1D9 orC17:1D9) were due to yeast D9-desaturase activity. In addition,
products of D6-desaturase activity of M. rouxii were C15:2D6,9
and C17:2D6,9 as shown in Fig. 3A and B, respectively, that
correspond to the fatty acid phenotype of M. rouxii. This pat-
tern was not observed when C19:0 was used as an exogenous
fatty acid as a result of the inability of yeast D9-desaturase to
convert C19:0 to C19:1D9 (data not shown). Although this
Fig. 4. Conversion rates of fatty acid substrates of the yeast
transformant containing M. rouxii D6-desaturase gene, grown in SD
media with and without exogenously supplied fatty acid substrates.
Fig. 3. GC–MS analysis of the novel products found in S. cerevisiae
transformed with M. rouxii D6-desaturase. Double bond locations of
pentadecadienoic acid, C15:2D6,9 (A) and heptadecadienoic acid,
C17:2D6,9 (B), are indicated by mass spectra.
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ase on theC19:1D9,M. rouxiiD6-desaturasemay display activity
on C19:1D9 as in the case of Synechocystis PCC6803D6-desatur-
ase that showed desaturation activity on C15:1D9, C17:1D9 and
C19:1D9, which in turn were substrates derived from the bio-
transformation of exogenous heptanoic acid (C7:0) through a
cellular elongation process [26]. Nevertheless, it is interesting
to note that theMucor enzyme acts on the odd acyl chains, that
has not been reported previously in other eukaryotic D6-desatu-
rases (Fig. 1) These ﬁndings support the classiﬁcation of the
D6-desaturase of M. rouxii as a front-end desaturase with
speciﬁcity for D9-UFA substrates. Further, UFAs in n-3, n-6,
n-7, n-8 and n-9 with chain lengths of C15-C18 carbon atoms
could be used as substrates byM. rouxii D6-desaturase conﬁrm-
ing that its regioselectivity starts from the carboxyl terminus.
Taken together, the D6-desaturase of M. rouxii has a broad
range of speciﬁcity in vivo on substrates between C15-C18.3.2. Substrate preference of M. rouxii D6-desaturase
Substrate preference of the D6-desaturase of M. rouxii was
determined by measuring substrate conversion rate in the yeast
(Fig. 4). With C18 as substrates, when cells expressing theMu-
cor D6-desaturase were not supplemented with an exogenous
fatty acid, the accumulated product (C18:2D6,9) was 4.1% of
total fatty acids and decreased signiﬁcantly (60.5%) in the
presence of either exogenous LA (C18:2D9,12) or ALA (Table1). It seems likely that competition exists among monoene,
diene and triene C18 fatty acids for D6-desaturase. Conversion
rates of the individual substrate, C18:1D9, LA (C18:2 D9,12)
and ALA, were 19.1%, 11.5% and 19.6%, respectively, as
shown in Fig. 4. The triene C18 fatty acid is likely the preferred
substrate for the D6-desaturase ofM. rouxii over monoene and
diene fatty acids. The high level of the conversion rate of
C18:1D9 found in this study may be explained by the presence
of a suitable form of this endogenous substrate for the activity
of M. rouxii enzyme. In higher plants, the borage D6-desatur-
ase displays only a slight preference for LA (C18:2D9,12)
whereas the Primula D6-desaturases shows preference for
ALA (n-3) over LA (n-6) [5]. Despite the D6-desaturases of
M. rouxii and C. purpureus share similar speciﬁcity of activity
for the C16 and C18, their activity in term of substrate prefer-
ence was diﬀerent. TheMucor D6-desaturase had a strong pref-
erence for the C18:1D9 (Fig. 4), whereas Ceratodon D6-
desaturase preferred C16:1D9 over C18:1D9 [15]. In spite of
the close evolutionary relationship among desaturases with
selectivity for D6, they may not, however, correlate with their
substrate preference. Probably, in addition to the catalytic re-
gions with conserved amino acids, other residues may partici-
pate in substrate preference of distinct D6-desaturases.
In summary, this study provided some biochemical features
of M. rouxii D6-desaturase, particularly substrate speciﬁcity
and preference. Further work is needed to identify amino acid
residues involved in substrate recognition that will provide
additional valuable information and understanding of the
uniqueness of this membrane-bound enzyme.
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